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Abstract
Radiation is of fundamental importance to climate modeling and it is customary to
assume that it is also important for the variability of North Atlantic Deep Water (NADW)
formation and the meridional overturning cell (MOC). Numerous articles follow this
scenario and incorporate radiation into the calculation. Using relatively old heat-flux5
maps based on measurements taken in the nineteen sixties, Sandal and Nof (2007)
recently suggested that, even though the radiation terms are of the same order as
the other heat-flux terms, they are not important for the variability of the NADW and
the MOC. They proposed that only sensible and latent heat fluxes are important for
the long-term variability of the convection, i.e., for processes such as Heinrich events,10
which supposedly correspond to turning convection on-and-off in the Atlantic.
Here, we place this suggestion on a firmer ground by presenting new and accurate
up-to-date heat flux maps that also suggest that the radiation is of no major conse-
quence to the NADW variability. Also, we attribute the relative importance of sensible
and latent heat fluxes and the contrasting negligible role of radiation to the fact that the15
latent and sensible heat fluxes are primarily proportional to the difference between the
sea surface and the air temperature whereas the radiation is primarily proportional to
the sea surface temperature, i.e., radiation is approximately independent of the atmo-
spheric temperature. Due the small heat capacity ratio of air/water (1/4), the difference
between the ocean temperature and the air temperature varies dramatically between20
the state of active and inactive MOC, whereas the ocean temperature by itself varies
very modestly between a state of active and inactive convection.
1 Introduction
Given that for much of the world ocean, the radiation terms are of the same order
of magnitude as the sensible and latent heat-flux terms, one would intuitively expect25
the radiation to be important for climate change and climate modeling. Furthermore,
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numerous calculations suggest that sea-ice is very important to climate change and
this comes about through its effect on the radiation budget and the resulting albedo
(see e.g., Gildor and Tziperman, 2003; Kaspi et al., 2004; Loving and Vallis, 2007). It
is for these good reasons that radiation is usually taken to be an integral part of most
climate models (see e.g., Stouffer et al., 2006).5
Understandably, radiation also plays an essential role in the interpretation of most
of these climate models simulations. For instance, a potential cooling of Europe in
response to a potential MOC slow down (see e.g., Bryden et al., 2005) is usually ob-
served in most climate models and it is usually attributed to the importance of radiation.
An MOC slow down reduces the heat flux to the atmosphere and slightly lowers the10
sea surface temperature (SST). The argument then goes that, when the heat flux to
the atmosphere is dominant by radiation (which is proportional to the SST but not the
atmospheric temperature Ta), then a cooler atmosphere is intuitively expected to be the
consequence of a reduced heat flux.
And yet, if one accepts the idea that the collapse of the meridional overturning cell15
(MOC) is responsible for Heinrich events (i.e., events occurring during the last galci-
ation when the mean atmospheric temperature in the northern hemisphere plunged
almost 20
◦
C for as long as 1000 years at a time, see e.g., Broecker, 1994; Clark
et al., 2002), and, if one further accepts the notion that present calculations of the
radiation terms are valid estimates of the present situation, then the conclusion that20
radiation is unimportant to the MOC is inevitable. In Fig. 1 (based on Yu and Weller,
2007, and Gupta et al., 2006) we show the three heat-flux components over the world
ocean-radiation, sensible heat-flux and the latent heat-flux. Fig. 2 displays the stan-
dard deviation for the same variables. The important implications of these two figures
are discussed in the next section.25
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2 Our analysis
The importance of any heat-flux term to the long-term high-amplitude MOC variability
can be decided on simply by using Fig. 1 to compare the heat flux terms in the Atlantic,
where there is an MOC, to the same terms in the Pacific, where there is no MOC.
The results of such a comparison clearly points to the fact that the radiation terms are5
almost the same (for the same latitude) in the two oceans whereas the sensible and
latent heat fluxes are very different in the two oceans. The same holds for the standard
variation shown in Fig. 2.
Note that the dataset used in generating Figs. 1–2 covers only 21 years (1984-2004)
so that the shown standard deviation is associated with either the MOC, or the wind-10
driven gyre circulation (such as the storm track variability) or both. Since our arguments
rely on comparing the means in the two oceans (and the means correspond to a much
longer time scale), the origin of this short-term variability is of no consequence to our
arguments. This mean two oceans comparison shows that, evidently, sensible and
latent heat fluxes are important to the long-term variability of the MOC (i.e., turning it15
completely on-and-off which, according to paleoceanographic records, is ∼o(100 yrs))
but radiation is not. In what follows we will show that this is because the radiation
is primarily dependent on the sea-surface temperature whereas the sensible and la-
tent heat fluxes are proportional to the difference between the ocean and atmospheric
temperatures.20
Radiation is proportional to the sea surface temperature (SST, indicated here by TS )
and is independent of both the salinity (Warren, 1983) and the air temperature (Ta).
Accordingly, the net upward longwave radiation from the ocean into the atmosphere is,
QLW = εSσ T
4
S
, (1)
where εS (= 0.94) is the sea surface emissivity, and σ=5.67×10
−8
Wm
−2
K
−4
is the25
Stefan-Boltzmann constant. Because of the water relatively high heat capacity com-
pared to air, TS does not change more than a few degrees as convection is turned
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on-and-off so that QLW remains roughly constant. Neglecting the effects of clouds, the
first-order variation of the short wave radiation, QSW , can be approximated by the mul-
tiplication of the solar constant times the cosine of the solar zenith angle times (1− α),
where α is the albedo. As in the long wave case, the direct effect of the atmospheric
temperature on QSW is negligible (see e.g., Peixoto and Oort, 1992).5
By sharp contrast, both the sensible and latent heat fluxes are strong functions of the
atmospheric temperature Ta, which varies 10–20
◦
C (due to the relatively small heat ca-
pacity of air) when convection is turned on-and-off (see e.g., Bard, 2002). Specifically,
the sensible and latent heat fluxes from the ocean to the atmosphere are,
FS = ρaCpaCSU10(TS − Ta), (2)10
FL = ρaLeCLU10q
∗(1 − RH ) + ρaCLU10RH
Cpa
Be
(TS − Ta), (3)
where TS is the convective oceanic temperature, pw and pa (kgm
−3
) are the densities
of water and air, Cpw and Cpa (J kg
−1o
K
−1
) are the specific heat capacities of water
and air, Fs and FL (Wm
−2
) are the sensible and latent heat fluxes expressed in the
manner defined by Hartmann (1994), CS and CL are constants, U10 (m s
−1
) is the wind15
speed at 10m above the surface, q∗ (g kg−1) is saturation specific humidity of the air,
Le (J kg
−1
) is the latent heat of evaporation, RH is relative humidity of the air, and Be is
the equilibrium Bowen ratio.
We see that the sensible, and much of the latent heat flux, are proportional to the
difference between the SST and the atmospheric temperature. Given that the air heat20
capacity is about 1/4 of the water heat capacity, the air is subject to much larger temper-
ature fluctuations than the ocean, simply because it easier to cool or heat the air than it
is to cool or heat the water. The records for the last glaciaton period vividly display this
trait (see, e.g., Bard 2002, his first figure). Hence, during times that the MOC varies
significantly, the latent and sensible heat will also vary significantly but the radiation25
will only vary about one fourth of the other terms variability. Whether variations that
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are 1/4 of the largest terms are negligible or not is a judgment call, but the radiation
maps displayed in Figs. 1, 2 clearly suggest that radiation is by far less important than
sensible and latent heat fluxes.
Finally, we should probably re-iterate that, as stated in Sandal and Nof (2007), when
the heat flux is dominated by sensible and latent heat fluxes and the ocean is warmer5
than the atmosphere, a smaller heat flux implies a much warmer atmosphere and a
slightly cooler ocean. This implies that a reduced MOC will warm, not cool Europe.
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Fig. 1. Modern annual average heat fluxes (W/m
2
) maps for the world ocean. Both the la-
tent and the sensible heat fluxes show a dramatic difference between the North Atlantic (where
there is convection) and the North Pacific (where there is no convection) indicating that both are
important to NADW formation (with the latent being more important than the sensible). And yet,
by sharp contrast, the (total) radiation maps (i.e., short-waves absorbed by the ocean minus
long-wave radiation away from the ocean) show almost no difference between the two oceans
indicating that it is not very important to the convection. This is because, even though the radia-
tion terms are not small compared to the latent and sensible heat flux, they depend primarily on
the SST, which, on a basin scale, does not vary much (compared to the atmosphere) between
convective and non-convective states.
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Fig. 2. The standard deviation of the total radiation (upper panel) and the sensible and latent
heat flux (lower panel) for the north Atlantic and North Pacific. As in the mean fluxes shown
in Fig. 1, the difference between the sensible and latent heat fluxes in the two oceans is large,
whereas the difference in the radiation is small.
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